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Synopsis

Rheology and small-angle neutron scattering are used to probe the structure of nonionic surfac
mixtures in water. Small amounts of a C14 diol ~Surfynol® 104! cause enormous structural and
rheological changes when added to aqueous solutions of an ethylene oxide-propyle
oxide-ethylene oxide triblock copolymer~Pluronic® P105!. The C14 diol is only soluble up to 0.1
wt % in pure water, but can be added in large quantities to aqueous solutions of the copolymer. T
hydrophobic diol incorporates into the existing copolymer micelles and causes a cascade of chan
in the micelle structure, with resultant changes in rheology. Particularly striking is the spherical
worm-like micelle transition, where the viscosity changes by a factor of more than 104. © 2001
The Society of Rheology.@DOI: 10.1122/1.1389315#

I. INTRODUCTION

Water-soluble triblock copolymers of poly~ethylene oxide! and poly~propylene oxide!,
often denoted PEO–PPO–PEO, are commercially available nonionic macromolecu
surfactants commonly known as Poloxamers® ~manufactured by ICI! or Pluronics®

~manufactured by BASF!. Tailoring the copolymer composition and molecular weight in
the manufacturing process results in a wide range of products with optimum propert
suitable for use in a variety of industrial areas. As a result, PEO–PPO–PEO copolym
have found widespread industrial applications in such areas as detergency, foam
defoaming, emulsification, dispersion stabilization, lubrication, as well as some mo
special application fields as cosmetics, pharmaceuticals, and bioprocessing@Alexandridis
and Hatton~1995!; Chu ~1995!#.

a!Author to whom all correspondence should be addressed. Electronic mail: rhc@plmsc.psu.edu
b!Current address: Stepan Company, Northfield, IL 60093.
© 2001 by The Society of Rheology, Inc.
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1224 GUO ET AL.
Owing to the application potential of PEO–PPO–PEO copolymers in such widespre
important areas, this product family has remained an active research topic in recent ye
Aqueous solutions of these copolymers have been studied extensively. The kinetics
thermodynamics of micellization have been studied, including the effects of temperatu
and system composition on the micelle structure@Zhou and Chu~1988!; Nagarajan and
Ganesh~1989a and 1989b!; Wanka et al. ~1990!; Brown et al. ~1991!; Brown et al.
~1992!; Mortensen and Brown~1993a!; Mortensen and Pedersen~1993b!; Wankaet al.
~1994!; Alexandridiset al. ~1994!; Prud’hommeet al. ~1996!; Nagarajan~1999!#.

In contrast to the extensive work on PEO–PPO–PEO copolymers in water, the
interactions with additives have been less probed and only a few publications are av
able @Almgren et al. ~1991a and 1991b!; Bahaduret al. ~1993!; Hecht and Hoffmann
~1994 and 1995!; Hecht et al. ~1995!; Jørgensenet al. ~1997!; Contractor and Bahadur
~1998!; Alexandridiset al. ~2000!; Bromberget al. ~2000!; Guo et al. ~2000!; Ivanova
et al. ~2000a and 2000b!; Plucktaveesaket al. ~2000!#. As PEO–PPO–PEO copolymers
find applications mostly in complex environments, studying effects of various additive
can be useful for optimizing their applications. In this paper, we report our studies b
rheology and small-angle neutron scattering~SANS! on complex aqueous mixtures of
~EO!37~PO!56~EO!37 and a hydrophobic nonionic C14 diol.

II. MICELLIZATION OF PEO–PPO–PEO TRIBLOCK COPOLYMERS

In a certain temperature range and at a certain copolymer concentration, PEO–PP
PEO block copolymers of suitable composition and molecular weight form polymolecu
lar aggregates~micelles! in an aqueous environment. SANS on~EO!78~PO!30~EO!78
aqueous solutions@Zhou and Chu~1988!# shows a transition at the critical micellization
temperature~CMT!. Below the CMT, a small particle size of unimers~2.3 nm! is ob-
served with very little temperature dependence. Micelle formation becomes apprecia
above the CMT. In the micelle region, the measured micellar mass increases linearly w
temperature, while the hydrodynamic radius of the micelles remains nearly constant~8.0
nm!. ~EO!13~PO!30~EO!13 shows detectable aggregates at 25 °C when the concentration
above approximately 6%@Al-Sadenet al. ~1982!#. The micelle size increases with con-
centration~10 nm at 8%–12.5 nm at 20%! and exhibits significant polydispersity. At
35 °C, however, essentially invariant values for the hydrodynamic radius are found ov
a wide concentration range and the micelles are roughly monodisperse. Mortensen
co-workers~1992a, 1992b, 1993a, 1993b! found that the radius of gyration of the free
copolymers~unimers! is 1.7 nm. The micellar sizes~micelle core radius and hard-sphere
interaction radius! are independent of polymer concentration, but show small temperatu
dependence reflecting a change in aggregation number. The micelle core radius
hard-sphere interaction radius are 3.8 and 6.0 nm at 20 °C, respectively, and increas
5.1 and 7.5 nm at 50 °C. The SANS results of Yang and Alexandridis~2000a! on
2.5 wt %~EO!13~PO!30~EO!13 in aqueous (D2O) solution show that the micelles are well
separated while the intermicellar interaction remains strong and a core-shell model
more appropriate for the micelle morphology. Upon an increase of temperature in t
range 35–55 °C, the micelle radius increases by about 10%, accompanied by the los
water in the micelle core.

In the analysis of SANS intensity distributions from~EO!19~PO!43~EO!19 and
~EO!27~PO!61~EO!27 micelles in aqueous solutions, Liu and co-workers~1998! proposed
a ‘‘cap-and-gown’’ model for the microstructure of the micelles, taking into consideratio
the polymer segmental distribution and water penetration profile in the core and coro
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1225MICELLAR STRUCTURE CHANGES
regions, coupled with an adhesive hard-sphere model for describing the intermic
interactions. The structure of micelles stays essentially constant as a function of con
tration, but changes rapidly with temperature. The micellar core is not completely dry
contains up to 20% volume fraction of solvent molecules at low temperatures~35 °C!.
The aggregation number increases, but the micelle contains less water with incre
temperature. Contrasting the two polymers suggests that micelles formed by a pol
with higher molecular weight tend to carry a larger volume fraction of solvent molecu

Studies on~EO!27~PO!39~EO!27, ~EO!67~PO!39~EO!67, and ~EO!96~PO!39~EO!96 re-
vealed complex states of aggregation in solution@Brown et al. ~1992!#. Unimer, micelles,
and larger aggregated clusters coexist and their fractions depend strongly on tempe
and concentration. The unimers have hydrodynamic radii in the range of 1.5–3.0 nm
micelle radii are 8–13 nm~in sequence of increasing PEO block length!, whereas the
radii of the clusters are greater than 80 nm. Mortensen and Brown~1993a! found that the
PPO concentration is the relevant parameter that determines the CMT. The micellar
radius,RC , is essentially independent of copolymer concentration but shows a signific
increase with temperature. WhenRC is plotted against reduced temperatureT–TCMT ,
the data for solutions of the three copolymers fall on a common master curve follow
an empirical scaling relationRC ; (T2TCMT)0.2. In the studies of Brown and co-
workers~1992!, oscillatory shear rheological measurements were also utilized in com
nation with dynamic light scattering~DLS! and SANS techniques to probe the gelatio
process with increasing temperature for the three copolymers at high concentrat
Aqueous solutions of all three copolymers are liquids~i.e., G9 @ G8! at low tempera-
tures and gel at elevated temperatures~whereG8 increases by several orders of magn
tude and becomes much larger thanG9!. When the temperature is increased further,G8
passes through a maximum and eventually drops to values smaller thanG9. The entire
process of gel formation and dissolution at different temperatures is thermally revers
showing very little hysteresis. Their DLS and SANS results indicate that the gel cons
of close-packed micelles.

Prud’homme and co-workers~1996! also used rheometry together with SANS to ex
amine the gelation and gel structure of~EO!100~PO!65~EO!100 in water. At copolymer
concentrations of less than 12.5%, the solutions are Newtonian liquids over a w
temperature range from 10 to 75 °C. For higher concentration samples (c > 15%), the
fluids are non-Newtonian over an intermediate temperature range that becomes
with increasing polymer concentration. The 15% sample is Newtonian for temperat
< 30 or > 50 °C and non-Newtonian between 30 and 50 °C, reaching a viscosity m

mum at ; 40 °C. Gels with an ordered structure formed by cubic packing of spheri
micelles are observed over a well-defined temperature window when the copoly
concentrations are greater than 17 wt %. Low yield stresses, very high zero shear vis
ties, and shear thinning are the major rheological characteristics of the gels. The
stress is due to repulsive interactions of PEO chains in the overlapped micellar shell
transition between Newtonian and non-Newtonian behavior becomes more abrup
higher solution concentrations. The sharp transition in the rheological data accompa
the structural order seen in the SANS measurements. The proposed gelation mech
involves repulsive interactions among close packed spherical micelles, rather than a
gation or transitions in micelle morphology to rods or lamellae.

Hvidt and co-workers@Hvidt et al. ~1994!# observed more complicated rheology in
solutions of~EO!21~PO!47~EO!21. At low concentrations~ , 24%! a soft gel is formed
between 60 and 75 °C. Above 35%, these solutions form very rigid gels at all temp
tures higher than 15 °C. However, at intermediate concentrations, a hard gel is form
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1226 GUO ET AL.
low temperatures~20–45 °C! and a soft gel is formed at high temperatures~50–75 °C!,
with a liquid state being present in between~45–50 °C!.

III. INTERACTION OF PEO–PPO–PEO TRIBLOCK COPOLYMERS WITH
ADDITIVES

Jørgensen and co-workers@Jørgensenet al. ~1997!# studied~EO!27~PO!39~EO!27 with
added inorganic salts. They examined four characteristic transitions: cloud points, sph
to-rod transition temperature, soft gel formation temperature, and hard gel format
temperature at the critical gelation concentration. While the micellization and gelation
the copolymer in salt-containing solutions follow the same pattern as the salt-free syst
the temperatures for cloud points, micellar sphere-to-rod transition, and gel formation
shifted with the salt addition. The cloud point shifts are in good agreement with previo
measurements by Bahadur and co-workers@Bahaduret al. ~1993!#. KF and KCl decrease
the cloud point while the inorganic salt K1~CNS!2 gives a higher cloud point. The
temperature shifts for the sphere-to-rod transition and the soft gel formation are equa
the temperature shifts in cloud point for the different salt types and the observed shifts
proportional to salt concentration. The temperatures of hard gel formation do not follo
the same pattern, however. Different salts give different shifts and the shifts are inc
sistent with the shifts in cloud point.

Hecht and Hoffmann~1994 and 1995! have investigated the influence of electrolytes
and surfactants on the aggregation behavior of~EO!100~PO!39~EO!100,
~EO!20~PO!69~EO!20 and ~EO!97~PO!69~EO!97. The micelle formation is influenced by
the addition of both salts and surfactants. The CMT of the copolymers decreases line
as salt is added, presumably reflecting a poorer solvent condition. Ionic surfacta
strongly interact with PEO–PPO–PEO copolymers. Anionic surfactant sodium dode
sulfate~SDS! binds to monomers of~EO!97~PO!69~EO!97 and can suppress completely
the formation of copolymer micelles. At saturation, about six SDS molecules bind to o
copolymer molecule. The peak observed in differential scanning calorimetry, associa
with the CMT, decreases on the addition of SDS and eventually completely disappe
@Hechtet al. ~1995!#. SDS begins to aggregate with~EO!100~PO!39~EO!100 at concentra-
tions less than a quarter of its own CMC@Contractor and Bahadur~1998!#. SDS mol-
ecules strongly interact with the hydrophobic PPO core of~EO!13~PO!30~EO!13 and
~EO!78~PO!30~EO!78 to form mixed micelles at temperatures lower than the CMT of the
copolymers alone@Almgren et al. ~1991a and 1991b!#.

Recently, the ternary phase diagrams of~EO!37~PO!56~EO!37 aqueous solutions with a
variety of additives have been reported. The additives promote micellar structu
changes, with three possible structures: spherical, worm-like, and lamellar micell
Structure identification was performed with small-angle x-ray scattering. The additiv
studied were two esters~triacetin and propylene carbonate! @Ivanovaet al. ~2000a!#, and
ethanol, propylene glycol~a C3 diol!, glycerol ~a C3 triol!, and glucose~a C6 polyol!
@Ivanova et al. ~2000b!; Alexandridis et al. ~2000!#. Each additive produced a distinct
ternary phase diagram, with extensive regions having multiple coexisting phases.

IV. EXPERIMENT

A. Materials

Pluronic® P105 was provided by BASF Corp. and Surfynol® 104 was supplied by Air
Products and Chemicals, Inc. Both materials were used as received without further p
fication. The Pluronic® P105 is a triblock copolymer of the structure~EO!37~PO!56~EO!37
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1227MICELLAR STRUCTURE CHANGES
with a waxy appearance at room temperature. It has a nominal molecular weight of 65
composed of a center PPO block accounting for 50% of the mass and two identical P
end blocks accounting for the other 50% of the mass. The Surfynol® 104 is a whitish
solid material with a waxy appearance at room temperature and has very low solubilit
water~roughly 0.1 wt %!. It is a C14 diol with molecular weight of 226 and the following
structure:

CH3 CH3 CH3 CH3u u u u

u u u u
CH3 OH OH CH3

CHuCH2uCuCwCuCuCH2uCH

B. Equipment

Steady shear viscosity measurements were made using the Contraves LS 30 contr
shear rate rheometer with a concentric cylinder geometry. The cup diameter is 12.0
while the bob has a diameter of 11.1 mm and a height of 8 mm. The dynamic meas
ments were performed using a Rheometric Scientific SR 2000 controlled stress rheom
with a cone and plate geometry. The cone has a diameter of 40 mm and cone ang
0.0397 rad. In both rheometers, temperature is controlled using a circulating water ba
60.1 °C.

Small-angle neutron scattering experiments were performed at the NIST Center
Neutron Research, Gaithersburg, MD. A combination of three instrumental setups
used to cover aq range from 0.0014 to 0.27 Å21. For the very lowq range from 0.0014
to 0.005 Å21, the neutron wavelength used is 12 Å with a 15% full-width-at-half
maximum~FWHM! wavelength spread. The neutron source to sample distance is 16
m and the sample to detector distance is 13.10 m. The source aperture diameter is 25
and the sample diameter is 9.53 mm. For the lowq range from 0.005 to 0.05 Å21, a
neutron wavelength of 6 Å with a 15% FWHM wavelength spread is used. The neut
source-sample distance is 16.32 m and the sample-detector distance is 13.10 m.
source aperture diameter is 14.0 mm and the sample diameter is 9.53 mm. For
intermediate to highq range from 0.05 to 0.27 Å21, a 6 Å neutron wavelength with a
15% FWHM spread has been used. The neutron source to sample distance is 14.77 m
the sample to detector distance is 2.35 m. The source aperture diameter is 50 mm an
sample diameter is 9.53 mm. For data fitting with analytical models, smearing is app
to the wholeq range with the earlier instrumental setups by using the resolution functi
R(q,^q&) developed by Pedersen and co-workers@Pedersenet al. ~1990!#. We did not
perform incoherent background scattering measurements. Hence, in our model fitting
background scattering isnot subtracted. Instead, we treated the background scattering
an adjustableq-independent parameter.

V. RESULTS AND DISCUSSION

The copolymer~EO!37~PO!56~EO!37 is easily dissolved in water at room temperature
A 5 wt % stock solution of this copolymer in de-ionized distilled water was first prepare
The C14 diol has a low solubility in water~up to 0.1 wt %! but can be added to the
copolymer solution in much larger amounts. Different amounts of C14 diol were added to
the 5 wt % copolymer stock solution to prepare the samples studied. The samples w
annealed at 80 °C for more than 30 minutes and then taken out of the oven and shake
mixing. They were then annealed for another 30 minutes at 80 °C, followed by const
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1228 GUO ET AL.
shaking when taken out of the oven to cool down to room temperature. This heat tre
ment appears to accelerate the approach to equilibrium as detailed later.

Low shear rate~0.001 s21! viscosity was measured for the samples and the results a
shown in Fig. 1. Here it can be seen that up to the diol/copolymer weight ratio of 0.3,
the samples show nearly an identical viscosity to that of 5 wt % copolymer in water~1.6
cp!. Above the weight ratio of 0.3, the viscosity increases sharply and reaches a ma
mum at the weight ratio of 0.61. When the diol level increases further, the viscos
begins to drop significantly until the weight ratio of 0.80 is reached. In the dio
copolymer weight ratio range from 0.8 to 5, the viscosity is nearly constant at; 10 cp.
When the weight ratio reaches 6, the viscosity has another sharp increase and the sol
has the consistency of a thick paste. Figure 2 shows the shear rate dependent app
viscosity for the copolymer solutions with different amounts of diol added. The solution

FIG. 1. Low shear rate~0.001 s21! viscosity at 25 °C for 5 wt % aqueous~EO!37~PO!56~EO!37 solutions with
the addition of C14 diol at different levels. The dashed line in the plot is meant for visual guidance.

FIG. 2. Shear rate dependence of apparent viscosity for 5 wt %~EO!37~PO!56~EO!37 solution with the addition
of C14 diol at different levels.
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1229MICELLAR STRUCTURE CHANGES
at the diol/copolymer weight ratio of 0.61 and 6 demonstrate strong shear thinning. T
strong shear thinning is in stark contrast to the nearly Newtonian behavior at other wei
ratios.

The very striking rheological changes seen in Figs. 1 and 2 are a consequence
changes in micellar structure as the hydrophobic diol is added. Later we will prese
SANS evidence for the cascade of structural changes shown in Fig. 3. The cascade sh
in Fig. 3 is predicted@Nagarajan~1999!# to occur when an additive incorporates within
the core of the micelle and has been observed experimentally in some cases@Teixeira
et al. ~2000!#. We interpret our SANS data expecting to find one of the three structur
shown in Fig. 3. The form factors for these structures differ sufficiently to allow ident
fication, if these three structures are the only ones possible.

SANS measurements have been made on several selec
C14 diol/~EO!37~PO!56~EO!37 solutions in D2O. The results are shown in Fig. 4. The

FIG. 3. Schematic representation of the cascade of micellar structure changes in copolymer solutions as14
diol is added.

FIG. 4. Small-angle neutron scattering intensity for 5 wt %~EO!37~PO!56~EO!37 solutions with added C14 diol
at different levels.
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1230 GUO ET AL.
SANS results at the diol/copolymer weight ratio of 0.3 are consistent with a microstr
ture of spherical micelles composed of a PPO core and PEO shell regions. This exp
the almost identical solution viscosity to that of the diol-free solution. At the weight rat
of 0.61, a worm-like micelle microstructure is indicated from the scattering pattern. T
local viscosity maximum as seen at this weight ratio is just the manifestation of
worm-like micelles hindered or entangled in solution. At higher diol levels, the scatter
patterns are most appropriately described as lamellar and microemulsion-like~large
sphere with pure diol core!. In the subsequent sections, we fit the SANS intensity wit
known models, and explain the solution microstructure changes with increasing
content. We assume that the C14 diol incorporates within the PPO core of the micelles
because the C14 diol partitions almost entirely into the polypropylene glycol rich phase i
a ternary mixture of the C14 diol, polypropylene glycol, and water.

A. Spherical micelles

SANS intensity for a monodisperse system of particles can be expressed as@Hayter
and Penfold~1981 and 1983!; Chen~1986!#,

I~q! 5 N~Dr!2V2P~q!S~q!1BG, ~1!

whereN is the number density of scattering particles,Dr is the scattering length density
contrast between particle and solvent,V is the volume of an individual particle,P(q) is
the particle scattering form factor,S(q) is the structure factor describing interparticle
interactions, andBG is the incoherent background scattering. The form factorP(q) for
spherical micelles composed of core and shell regions is given as@Chen~1986!#.

P~q!~Dr!2V2 5 F4p

3
R1

3~r12r2!
3J1~qR1!

qR1
1

4p

3
R2

3~r22rs!
3J1~qR2!

qR2
G2, ~2!

whereR1 andR2 are the core and corona radii, respectively,r1 andr2 are the scattering
length densities of the core and corona regions,rs is the scattering length density of the
solvent D2O, andJ1(x) 5 (sinx2xcosx)/x2 is the first-order spherical Bessel function.
In our data modeling, we assume the C14 diol is totally incorporated into the PPO
micellar core, and the corona is D2O-hydrated PEO. It is also reasonable to assume n
water content (D2O) in the core@Yang and Alexandridis~2000b!#. The scattering length
densities of the core and the corona are, hence, given by

r1 5 fPPOrPPO1~12fPPO!rdiol , ~3!

r2 5 fPEOrPEO1~12fPEO!rD2O, ~4!

wherefPPOandfPEO are the volume fraction of PPO and PEO in the core and coro
of the micelles,rPPO (0.34731026 Å 22), rPEO (0.57231026 Å 22), rdiol (0.178
31026 Å 22), andrD2O (6.3331026 Å 22) are the scattering length density of PPO

PEO, C14 diol, and D2O, respectively. The mass density used for the calculation
volume fraction for each component isdPPO5 dPEO 5 1.009 g/cm3, ddiol
5 0.898 g/cm3, anddH2O 5 1 g/cm3 ~in the SANS measurements, D2O was used as the

solvent, with its volume fraction kept the same as that of H2O as used for the samples in
the rheological measurements!.

Assuming that the steric interactions between spherical micelles can be describe
the hard sphere interaction potential of the Percus–Yevick approximation, and the sp
correlation fluctuations can be described by the classical Ornstein–Zernike approx
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1231MICELLAR STRUCTURE CHANGES
tion, the structure factorS(q) can be written in the following analytical format@Ashcroft
and Lekner~1996!; Kinning and Thomas~1984!; Mortensen and Pedersen~1993b!#

S~q! 5
1

1124fG~2qRhs,f!/~2qRhs!
, ~5!

whereG(x,f) is a trigonometric function ofx 5 2qRhsand the volume fractionf of the
hard sphere of radiusRhs ~2Rhs is just the effective interparticle contact distance!:

G~x,f! 5 @~112f!2/~12f!2#@~sinx2xcosx!/x2#2@6f~11f/2!2/~12f!4#$@2x sinx

1~22x2!cosx22#/x3%1@~f/2!~112f!2/~12f!4#$@4~x326x!

3sinx2~x4212x2124!cosx124#/x5%. ~6!

The micellar core and shell radii and the hard sphere radius are illustrated in Fig. 5
significance ofRhs is that the micelles cannot come closer than a distance defined
2Rhs due to strong repulsion. It should be pointed out that the volume fractionf in Eq.
~6! should be that of the hard spheres instead of the micelles. Only for concent
solutions does the hard-sphere radius approach the micelle outer shell radius an
hard-sphere volume fraction converge to that of the micelles.

The earlier spherical core-shell model is fitted to the SANS data for the tern
copolymer system at the diol/copolymer weight ratio of 0.3 and the fit is shown in Fig
Instrument smearing has been applied to the fit by using the resolution functionR(q,^q&)
developed by Pedersen and co-workers@Pedersenet al. ~1990!#. By assuming that the
C14 diol is totally incorporated into the PPO core and there is no water (D2O) in the core,
the volume fraction of C14 diol in the core region is calculated and fixed at 0.40. The co
and shell radii as well as the hard-sphere interaction radius are adjustable parame

FIG. 5. Schematic of spherical micelles.R1 andR2 are the radii of the micelle core and shell.Rhs is the hard,
sphere interaction radius. For relatively low copolymer concentrations, the micelles are well separate
Rhs . R2 .
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1232 GUO ET AL.
is seen that the core-shell model gives a good fit to the experimental data in the low
intermediateq range. The fit generates a micellar core radius of 65 Å, a shell radius of
Å, and the hard-sphere interaction radius of 104 Å. The average volume fraction of P
in the shell is thereby calculated to be 0.69. Knowing the monomer volume of P
VPO 5 95.4 Å3, the micelle aggregation number is easily calculated asn
5 0.6(4pR1

3/3)/(56VPO) ' 130. A recent SANS study@Yang and Alexandridis
~2000b!# reveals that 8 wt %~EO!37~PO!56~EO!37 in water at 30 °C forms spherical mi-
celles with a core radius of 40 Å, a shell radius of 71 Å, and the hard-sphere interac
radius of 84 Å. The core and shell radii increase weakly with temperature and the h
sphere interaction radius basically keeps constant as temperature is raised. The cor
shell radii reach the values of 44 and 77 Å at 50 °C. The corresponding micelle ag
gation number changes from; 50 at 30 °C to ; 67 at 50 °C. PEO-PPO–PEO micelles
usually demonstrate increased micelle size with either increased temperature or incre
concentration. Our sample has lower concentration~5 wt %! and was measured at lower
temperature~ ; 22 °C! than Yang and Alexandridis’ sample but has much larger aggr
gation number by a factor of almost 2. This clearly indicates that the highly hydropho
C14 diol promotes aggregation of the copolymers. It is also noted that the core size of
sample has increased more than the shell size, consistent with our earlier assumptio
the C14 diol is incorporated into the core region.

The limited smearing from the instrument resolution still leaves some wiggles in
high q range which do not fit the experimental data very well~Fig. 6!. Extra smearing
would be expected from two sources: polydispersity of the micelle size and smoo
decaying density profile in the corona. In our data fitting, we have assumed a sh
interface between the micelle shell and the surrounding water environment and used
simple core-shell model. In reality, the corona of hydrated PEO has a slowly vary
density of monomers from the core boundary to the pure solvent water. The cap-a
gown model proposed by Liu and co-workers~1998! has a diffuse scattering length
density distribution in the shell region and is expected to describe the largeq data better.

FIG. 6. SANS intensity for 5 wt %~EO!37~PO!56~EO!37 solution with added C14 diol at a diol/copolymer
weight ratio of 0.3. The smeared fit of the spherical core-shell model@solid line, Eq.~1!#, gives a core radius
R1 5 65 Å, a shell radiusR2 5 80 Å, and hard sphere interaction radiusRhs 5 104 Å.
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1233MICELLAR STRUCTURE CHANGES
B. Worm-like micelles

At the C14 diol/copolymer weight ratio of 0.61, which corresponds to the local vis
cosity maximum, the SANS pattern suggests a semiflexible wormlike micellar struct
in the solution~a slope around21 in the lowq region in Fig. 4!. In the largeq range, the
local dimension of the worm-like micelles is probed and the worm-like micelles appe
rigid. The cross-sectional dimension of the locally rigid rod can be estimated as follo
For a cylindrical structure of lengthL and radius of the transversal cross-sectionRcyl such
that L @ Rcyl , the SANS intensity for small values ofqRg,c whereRg,c 5 Rcyl /&, is
the cross-sectional radius of gyration, is given by@Chen~1986!; Chen and Lin~1987!;
Imae ~1996!; Imaeet al. ~1996!; Okamuraet al. ~1996!#:

qI~q! 5 pnpVAt~r2rs!
2 exp~2Rg,c

2 q2/2!, ~7!

wherenp is the number density of the cylinders,At 5 pRcyl
2 , is the area of the cross-

section of the cylinder, andV 5 LAt , is the total volume of the cylinder. A plot of ln(qI)
againstq2 will give the cross-sectional radius of the cylinder from the slope of th
straight line fitted to the SANS data. Such a plot for the C14 diol/copolymer weight ratio
of 0.61 is shown in Fig. 7 and the cross-sectional radius of the locally rigid rod
estimated to be 72 Å from Eq.~7!.

In order to extract information of the overall micelle dimension and the cross-sect
structure detail, a model fitting over the wholeq range is necessary. In the model fitting,
we neglect intermicellar interactions and the structure factor is taken to beS(q) 5 1. The
scattering form factorP(q) for semiflexible worm-like chains in the lowq regime can be
modeled by the Sharp and Bloomfield approximation@Sharp and Bloomfield~1968!#

PSB~q! 5
2@exp~2x!1x21#

x2 1F 4

15
1

7

15x
2S 11

15
1

7

15xD exp~2x!G b

L
, ~8!

whereb is the Kuhn length,L is the chain contour length, andx 5 q2Rg
2 with Rg being

the radius of gyration of the chain with excluded volume effects. Assuming the ro
mean-square end-to-end distance for the flexible chain takes the form of a self-avoi
walk, ^R2&1/2 5 nnb, where n is the number of Kuhn segments in the chain andn

FIG. 7. Guinier plot for 5 wt %~EO!37~PO!56~EO!37 in water with added C14 diol at a diol/copolymer weight
ratio of 0.61. The cross-sectional radius of the locally rigid rod is estimated to be 72 Å from the slope of
straight line fit to Eq.~7!.



e

l
th

e
ll

er-
sity

1234 GUO ET AL.
5 0.588, the radius of gyration for the expanded chain can be calculated through th
following formula @Doi and Edwards~1986!#:

Rg
2 5

1

2n2 (
a 5 1

n

(
b 5 1

n

ua2bu2nb2

5
1

2n2 E
0

n
daE

0

n
dbua2bu1.176b2

5
1

n2 E
0

n
daE

0

a
db~a2b!1.176b2

5 0.145n1.176b2 5 0.145S L

bD 1.176

b2, ~9!

The Sharp and Bloomfield approximation agrees with the correct function forL/b
. 10 andqb , 3.1 to about 1%@Yamakawa and Fujii~1974!; Pedersen and Schurten-

berger~1996!#. At higherq values, a crossover from the Sharp and Bloomfield approxi-
mation to the rod scattering function is accomplished by means of a simple empirica
crossover function. For an assembly of disordered, monodisperse cylindrical objects wi
radiusR and lengthL, the scattering intensity can be written as@Herbstet al. ~1993!#

I~q! 5 4pN~Dr!2
V2

qL SJ1~qR!

qR D2

. ~10!

We generalize this equation to account for a varying scattering length density profil
across the cylinder radial direction. The scattering intensity for a cylindrical core-she
model can be expressed as

Icyl~q! 5 pN
L

q FpR1
2~r12r2!

2J1~qR1!

qR1
1pR2

2~r22rs!
2J1~qR2!

qR2
G2

, ~11!

whereN is the number density of the cylinders of lengthL, r1 andr2 are the scattering
length density of the cylinder core and shell with radiiR1 andR2 , andrs is the scattering
length density of the solvent D2O. J1(x) is the first-order Bessel function. We assume
again that the C14 diol is totally incorporated into the core region and the shell is
composed of hydrated PEO blocks. Equations~3! and~4! can then be used to calculater1
and r2 . The scattering intensity for the wholeq range is modeled by the following
equation:

I~q! 5 N~Dr!2V2PSB~q!w~qb!1I cyl~q!@12w~qb!#1BG, ~12!

wherePSB(q) is given by Eq.~8! and I cyl(q) by Eq. ~11!. In the low q regime, SANS
probes large length scales and the cylinders are seen as thin flexible chains. The diff
ence between the core and shell can be neglected and a uniform scattering length den
can be assumed. Accordingly, the volumeV in Eq. ~12! for the flexible chain is taken to
be pR2

2L and (Dr)2 is calculated using the following relation:

~Dr!2 5 Fr1

R1
2

R2
2 1r2S12

R1
2

R2
2D2rsG2. ~13!
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The empirical crossover functionw(qb) in Eq. ~12! is chosen as@Burchard and Kajiwara
~1970!; Pedersen and Schurtenberger~1996!#:

w~qb! 5 exp@2~qb/A!B#, ~14!

whereA andB are empirical constants determined by the model fit. Figure 8 shows the
of the model given by Eq.~12! to the SANS data for our ternary mixtures at the diol/
copolymer weight ratio of 0.61. A good agreement between the fit and the SANS data
achieved in the low to intermediateq range. Extra smearing from the polydispersity of
the cross-sectional size of the semiflexible worm micelles and the lack of sharp interfa
between the shell and the surrounding water would be expected to correct the wiggle
the fit at highq values. The volume fraction of the C14 diol in the cylinder core is
calculated first and fixed at 0.58 in the fitting process. Adjustable parameters, the core
shell radii, are deduced from the fit as 55 and 68 Å, respectively. The shell radius agr
well with the value of 72 Å as obtained previously through the Guinier analysis for th
overall cross-sectional size of the locally rigid worms. Compared to the radii of th
spherical micelles, the cylindrical micelles have smaller size in both the core and sh
dimensions. The volume fraction of the PEO blocks in the shell is calculated as 0.79
value significantly higher than that for the spherical micelles~0.69!. The model fit leads
to a persistence length of 425 Å.

In our model fitting, we have, for simplicity, neglected the intermicellar interaction
and taken the structure factorS(q) to be 1. With the persistence length and cylinder
radius calculated above, we estimate the correlation length to be greater than 0.1mm at
the diol/copolymer weight ratio of 0.61. With such a large typical distance betwee
worms, our assumption ofS(q) 5 1 is valid.

C. Lamellar micelles

At the diol/copolymer weight ratio of 1, the most likely micellar structure is a lamella
structure as manifested by the near22 slope of the SANS intensity curve in the lowq
range~see Fig. 4!. For a lamellar structure with layer thicknesst, the SANS intensity at

FIG. 8. SANS intensity for 5 wt %~EO!37~PO!56~EO!37 solution with added C14 diol at a diol/copolymer
weight ratio of 0.61. The solid line is the fit from the semiflexible chain model given by Eq.~12!. A core radius
R1 5 55 Å, a shell radiusR2 5 68 Å, and the persistence length 1p 5 425 Å are deduced from the fit.
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small values ofqRG,C , whereRG,C 5 t/A12, is described by the following equation
@Chen ~1986!; Chen and Lin~1987!; Imae ~1996!; Imae et al. ~1996!; Okamuraet al.
~1996!#:

q2I~q! 5 2pft~r2rs!
2 exp~2RG,C

2 q2!, ~15!

wheref is the volume fraction of the lamellar structure in the sample. A plot according
to Eq. ~15! is shown in Fig. 9 for the SANS data for a diol/copolymer weight ratio of 1.
The thickness of the lamellar micelles is estimated from the slope of the straight line t
be t 5 99 Å, a value much less than the diameter of both the sphere and worm structur
discussed earlier.

The local structure of the lamellar arrangement of these micelles can be analyzed
model fitting the SANS data. We assume the solution to be composed of random
distributed and oriented microdomains of parallel lamellae. Within each of the micro
domains, the lamellae are stacked parallel to form layers with a preferential repeat d
tance. A periodic multilamellar structure of infinitely extended layers is analyzed on th
basis of a periodic equation@Chen~1986!; Streyet al. ~1990!#

q2I~q! 5 ~2pt2/D!~r2rs!
2Fsin~qt/2!

qt/2 G2

, ~16!

where t is the thickness of the layer, andr-rs is the mean coherent scattering length
density difference between micelle and solvent.D is the repeat distance of the layers.
Equation~16! assumes a uniform scattering length density across the thickness of th
layer. In our analysis, we consider a varying scattering length density across the thickne
of the layer. We assume that the lamellar micelles are composed of one center PPO la
presumably incorporating the C14 diol and two identical outer hydrated PEO layers~see
Fig. 10!. We therefore generalize Eq.~16! to the following form:

I~q! 5
2p

Dq2 Fd2~r22rs!
sin~qd2/2!

qd2/2
1d1~r12r2!

sin~qd1/2!

qd1/2 G2

1BG, ~17!

FIG. 9. Guinier plot for 5 wt %~EO!37~PO!56~EO!37 in water with added C14 diol at a diol/copolymer weight
ratio of 1. The thickness of the lamellar micelles is estimated to bet 5 99 Å from the slope of the straight line
fit to Eq. ~15!.
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whered1 is the center layer thickness,d2 is the total thickness of the layer,r1 is the
scattering length density of the center layer,r2 is the scattering length density of the two
outer layers, andrs is the scattering length density of the solvent.BG is the incoherent
background scattering.r1 andr2 are calculated by using Eqs.~3! and ~4!.

In the current analysis, we neglect intermicellar interactions and, hence, the struc
factor S(q) is taken to be 1. Figure 11 demonstrates the model fit according to Eq.~17!
to the SANS intensity at the diol/copolymer weight ratio of 1. It is seen that the ove
shape of the fit coincides with the experimental data. The deviation atq around 0.02 Å21

may be interpreted as the effect of the presence of a small quantity of worm or sp
micelles. The volume fraction of PPO blocks in the center layer is calculated first
fixed as 0.308. The fit leads to a center-layer thicknessd1 5 65 Å and a total layer
thickness d2 5 95 Å, a value very close to that obtained by Guinier analysis~t
5 99 Å from Fig. 9!. The PEO blocks account for 67% of the two outer layers accordi

to the fit. The repeat distanceD can be calculated according to the following formula:

d1

D
5 fdiol1fPPO, ~18!

FIG. 10. Schematic of a multilayer microdomain composed of periodically stacked layers. The center laye
a thicknessd1 and the total thickness of the layer isd2 . The repeat distance of the layers isD.

FIG. 11. SANS intensity for 5 wt %~EO!37~PO!56~EO!37 solution with added C14 diol at a diol/copolymer
weight ratio of 1. The solid line is the fit from the lamellae model Eq.~17!. The center layer has a thickness
d1 5 65 Å, and the total thickness of the layer isd2 5 95 Å.
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wherefdiol is the volume fraction of C14 diol andfPPOthe volume fraction of PPO in
the solution. The calculatedD is 855 Å and the corresponding Bragg peak should occ
at qmax 5 2p/D 5 7.3531023 Å 21. As we do not observe the peak in the experimenta
SANS intensity around the supposedqmax in Fig. 11, we would say that there is no
preferential repeat distance among the lamellar micelles or different microdomains h
different repeat distance. This may indicate large fluctuations in these membranes@Hel-
frich ~1978 and 1990!#.

We omit the analysis for the SANS intensity at higher C14 diol levels due to the lack
of certainty of the overall shape of the data at lowq. The samples at these high diol levels
are so concentrated that the neutron transmission is only 1% at the very lowq range with
the 12 Å neutron wavelength configuration. The scattering at this very lowq range would
be influenced by multiple scattering. Hence, SANS data were not taken in the very loq
range for the two samples at the diol/copolymer weight ratios of 3 and 6. The higheq
data~shown in Fig. 4! are roughly consistent with a microemulsion structure with radiu
of order 370 Å. The interior of the microemulsion core is presumably nearly pure C14
diol.

To summarize, the addition of a C14 diol to the copolymer solutions causes the cas
cade of structural changes of the micelles summarized in Fig. 3. The viscosity chang
Fig. 1 is the manifestation of these structural changes in solution. Up to the d
copolymer weight ratio of 0.3 spherical micelles exist, which presumably incorporate
hydrophobic C14 diol into the PPO core of the micelle. This incorporation is known t
lead to shape transitions of the aggregates@Nagarajan~1999!#. The first shape transition
corresponds to one-dimensional growth, forming worm-like micelles. The worm-li
micelles form crosslinks or entanglements and an extremely enhanced solution visc
is observed at a diol/copolymer weight ratio of 0.61. Further addition of diol to th
solution apparently induces formation of lamellar micelles that can grow tw
dimensionally. Owing to the orientation of the lamellae during shear, a significantly low
solution viscosity is seen at a diol/copolymer weight ratio of 1. At diol/copolymer weig
ratios above 3, the solution is a white opaque liquid without macroscopic phase sep
tion. Since the C14 diol content exceeds the copolymer content in the solution, th
structure in solution is most likely a large diol core enveloped by a thin copolymer coro
~a microemulsion!. Teixeira and co-workers have observed a similar micellar geome
transformation in aqueous solutions of SDS with the addition of decanol@Teixeiraet al.
~2000!#. At low decanol/SDS molar ratioMd , the micelle geometry is spherical. At molar
ratio Md 5 0.20, the micelle structure changes from spherical to cylindrical. Micell
aggregates self-assemble into cylindrical aggregates withMd ratios of up to 0.40, where
a cylinder-to-lamellar shape transition is observed. Stradner and co-workers also
served sphere-to-worm micelle transition in aqueous alkyl polyglucoside~APG! solutions
upon the addition of hexanol@Stradneret al. ~1999 and 2000!#. Hexanol acts as a ‘‘co-
surfactant’’ and dissolves mainly in the interfacial layer, resulting in a structural evoluti
from small globular APG micelles to short cylindrical and finally giant, flexible worm
like structures. The micelle growth is one-dimensional with an unchanged local cro
sectional size.

Consistent with the concept of the interfacial curvature@Alexandridiset al. ~1998!#,
~EO!37~PO!56~EO!37 micelles adopt a spherical geometry at low copolymer concentrati
~in our case 5 wt %! due to the swelling of the PEO blocks by water molecules. Th
interfacial curvature is high. When the hydrophobic C14 diol is introduced into the solu-
tion, it incorporates within the PPO core region. This decreases the interfacial curva
due to the swelling of the PPO core by the C14 diol. This swelling promotes transforma-
tion of the micelles into a morphology with lower interfacial curvature. Hence, when t
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1239MICELLAR STRUCTURE CHANGES
content of C14 diol is increased, the initial spherical micelles will develop into cylindric
and finally lamellar micelles.

D. Effect of thermal history

Thermal history affects the structure development of the C14 diol/copolymer mixture.
Heating the sample to above 80 °C promotes the structure buildup in the solutio
order to examine thermal effects on the structure buildup in the Pluronic/Surfynol
ture, oscillatory shear experiments were carried out on a sample prepared exclusi
room temperature. The sample used was 5 wt%~EO!37~PO!56~EO!37 aqueous solution
with added C14 diol at the diol/copolymer weight ratio of 0.61, which is the state cor
sponding to the local maximum in viscosity shown in Fig. 1. In preparing the sampl
heating process was used and the sample was stirred for one week at room temp
before the measurement to ensure that the components in the sample were thor
mixed. One set of dynamic data were first taken at 20 °C. Then the sample was hea
the rheometer and maintained at 80 °C for 30 min. After the sample was cooled
equilibrated at the original temperature of 20 °C for another 30 min, a second s
dynamic data were taken. Figure 12 shows the results of these measurements. It
from the figure that thermal history has a huge effect on the structure buildup o
diol/copolymer mixture. Before heating, the sample has small storage and loss m
and the loss modulus is larger than the storage modulus, suggesting the samp
viscoelastic liquid. However, after heating to 80 °C, the viscoelastic response sho
significant increase in the two moduli as well as a larger storage than loss modulu
the range of frequency examined. This clearly indicates that the structure of the m
depends strongly on thermal history and heating to 80 °C promotes the structure bu
It is also noted that after the structure build-up, the dynamic moduli become les
quency dependent, with a response qualitatively similar to an elastic solid.

Steady shear measurements at low shear rate~0.02 s21! were taken at different tem
peratures for the same sample as used for the earlier dynamic measurement. Th
surements were taken at four different times after the sample preparation. The s

FIG. 12. Dynamic shear moduli at 20 °C for 5 wt %~EO!37~PO!56~EO!37 aqueous solution with added C14 diol
at a diol/copolymer weight ratio of 0.61, prepared at room temperature~circles!. The diamonds are for data
taken after the sample has been heated in the rheometer at 80 °C for 30 min and then equilibrated at 2
another 30 min.
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used for each measurement has only experienced room temperature before the mea
ment. During each measurement, the temperature was increased step-wise and eq
brated for 5 min before each data point was taken. The results are shown in Fig.
When the temperature is raised, the viscosity of the mixture has an initial small drop a
then a significant increase followed by a second steady drop with temperature. Plotted
the same figure are the data for the pure stock solution of~EO!37~PO!56~EO!37 at 5 wt %.
The diol-free sample shows a steady decrease in viscosity with increased temperat
The data clearly demonstrate that samples at long times show the same viscosity
hancement as heat-treated samples. Hence, heat treatment accelerates the stru
buildup to the equilibrium state.

VI. CONCLUSION

The increased miscibility of a C14 diol in water with ~EO!37~PO!56~EO!37 present is
attributed to the incorporation of the diol into the core of the copolymer micelles. Th
micelle structure has been determined with SANS by assuming that the structure is eit
a spherical, worm-like, or lamellar micelle. Small amounts of diol simply incorporate int
the existing spherical micelles without changing the micellar shape, but when enou
diol is added, the micelles undergo a structural change to form worm-like micelle
accompanied by a great enhancement in solution viscosity. The worm-like micelles th
transform into two-dimensional lamellar structures when more diol is added. This resu
in a significant drop in viscosity, presumably due to the orientation of the lamellae und
shear.

Heating to 80 °C is shown to promote structure buildup in the solutions o
~EO!37~PO!56~EO!37 copolymer with added C14 diol. Since the 25 °C viscosity of the
unheated solution gradually approaches that of the solution heated to 80 °C, we surm
that the heat treatment merely accelerates the system to the equilibrium state.
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FIG. 13. Temperature dependence of viscosity at 0.02 s21 for 5 wt % ~EO!37~PO!56~EO!37 aqueous solution
with added C14 diol at a diol/copolymer weight ratio of 0.61 prepared at room temperature, for four differen
waiting times at room temperature~filled symbols!. Open symbols are time-independent data for 5 wt %
~EO!37~PO!56~EO!37 aqueous solution without any added diol.
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